A high-density dielectric rectangular grating is designed for color separation in a Fresnel diffraction field. The Fresnel field distribution is analyzed and the optimization conditions for color separation are given. The process of the modes propagating and energy exchanging with the diffraction orders are expressed by modal method. The color separation for different polarizations can be realized. The energy efficiency is 96.3% at the 633 nm wavelength and 86.9% at the 488 mm wavelength for both TE polarizations, while the energy efficiency is theoretically 96.3% at the 633 nm wavelength for TE polarization and 90.6% at the 488 nm wavelength for TM polarization. The field distributions are scanned by the near-field scanning optical microscopy, and the efficiency is 71.2% for the 633 nm wavelength and 67.3% for the 488 nm wavelength for both TE polarizations experimentally.
Introduction
The dielectric rectangular grating, as one of the most basic optical components, has a very wide range of applications. Now the fabrication technology allows a smaller grating etching so this kind of high-density rectangular grating shows a lot of novel and interesting features [1] [2] [3] [4] . The modal method first presented by Botten [5] is used to analyze and design a rectangular grating by many researchers as a simplified method. A. V. Tishchenko provided a phenomenological modal representation of deep and high contrast lamellar gratings [6] . Clausnitzer et al. explained the high-efficient and polarization-dependent effect of rectangular transmission gratings [7, 8] . Feng et al. and Cao et al. designed the beam splitter and polarizing beam splitter grating by means of this method [9, 10] . Also, other kinds of gratings, such as the triangle, the sinusoidal-groove, and the double-groove, can be designed by this method [11, 12] .
With near-field scanning optical microscopy (NSOM) widely used in scientific studies, the researchers have revealed a number of interesting phenomena in the near field of various kinds of nanostructures. Recently, the field distributions in the Fresnel field, which are often a few microns away from the objects, have received more concern. The apparent superresolution of periodic grating optical imaging was found in this region [13] . Moreover, the Talbot effect, which is the well-known scalar diffraction Fresnel field optical phenomenon, was also found in this region, but in different Talbot distance and distribution forms. Lu et al. presented the polarization-dependent Talbot effect both theoretically and experimentally [14] . Teng discussed the quasiTalbot effect for both scalar grating and high-density grating [15, 16] . These effects show promise for many practical applications such as microlithography, information storage, and optical imaging.
In this paper, we report a novel function of high-density dielectric rectangular grating, i.e., color-separation grating in the Fresnel diffraction region, which has been verified by experiments. To the best of our knowledge, we are the first to use such a grating to realize a novel function. The colorseparation gratings are often used to separate incident lights with different wavelengths, but in this paper we separate the distributions of different wavelengths in the Fresnel diffraction region. We discuss the Fresnel field of the dielectric rectangular grating and give the optimization objectives for color separation in Section 2. According to the modal method, the mode propagating explanation is presented to analyze the grating problem, and the calculation is conducted in Section 3. The experimental results are shown in Section 4. Section 5 is the conclusion of this paper.
Grating Design
The rectangular grating we discussed and fabricated is shown in Fig. 1 . The period of the grating is 1.5λ (λ the 633 nm wavelength), and the duty cycle is 0.5. The monochromatic plane wave normally illuminates from the substrate side. The polarization of the incident wave is the TE mode, where the electric field is perpendicular to the incident plane. According to the Sellmeier equation, the refractive indices of fused silica at different wavelengths in the visible light region are in the range from 1.45 to 1.47 [17] . The dispersion has little effect on the design, so the refractive index of the fused-silica grating layer and the substrate are chosen as 1.45 for the calculations hereafter. Figure 2 shows the calculated diffraction distributions of the grating with different incident wavelengths along the z axis. We can see that the distribution is sensitive to the wavelength and at a certain distance, the distribution of the diffraction field repeats itself, which is called the quasi-Talbot effect in the Fresnel region. Besides the periodicity of the field along the propagating direction, the fields with different wavelengths have different distributions. This means that it is possible the peaks of intensity of different incident lights show alternately. That is to say, the grating can realize color separation.
We define the plane from the grating surface where the diffraction fields of different wavelengths can separate with each other the color-separation plane. Therefore, the depth of the grating and the color-separation plane are the optimization parameters that we need to determine. The diffraction field of the grating is the interference of diffracted orders and the intensity distribution can be written as
where E 0 and E 1 are the amplitudes of the zeroth and first diffraction orders, respectively; ϕ 0 and ϕ 1 are the phases of the zeroth and first diffraction orders, respectively; β 0 and β 1 are the propagating constants of the zeroth and first diffraction orders, respectively; and K is the grating vector. We will design a grating that can separate two incident waves with wavelengths 633 and 488 nm. First, we should optimize the depth of the grating to focus more energy within half of the grating period, which maximizes the integral of the intensity distribution in half of the grating period, and can be equivalently written as a mathematical expression:
where d is the period of the grating. By solving the optimization objective function in Eq. (2), we can get the amplitude optimization condition,
The amplitude is a function of the depth of the grating, so the depth is determined by Eq. (3), which will be discussed in detail in Section 3. Also, the phase distribution between different wavelengths should be matched by Eq. (4):
where ϕ ri and ϕ bi are the phases of the ith diffraction order with different incident lights; β ri and β bi are the phases of the ith diffraction order with different incident lights (i −1, 0, 1).
Modal Method
Other than rigorous coupled wave analysis (RCWA), the modal method expands the electromagnetic field in the grating region in terms of true propagating modes. The propagating constants of the grating modes can be determined by the characteristic equation for TE [5] :
where
wavelength of the incident wave; θ is the angle of the incident wave; and n eff β eff ∕k 0 is the effective index of the grating mode. In the case of normal incidence, the right side is equal to 1. The grating modes with n eff > 0 are propagating, so with this condition we can solve the transcendental Eq. (5). Three modes solutions are obtained, and the effective indices of the grating modes are n eff 0 1.4222, n eff 1 1.1729, and n eff 2 0.9278, respectively. The TE mode field can be given analytically as [18] 
It is explicit that φ e represents the even mode and φ 0 represents the odd mode of the grating. The energy exchanged between the incident wave and the modes can be calculated by the overlap integral [8] :
Only the even mode can be excited because the integral of the odd function in a period is zero. The profiles of the first two even modes are shown in Fig. 3 . In this paper, we only consider the two propagating modes, and the high evanescent modes are neglected. According to the modal method, the modes excited by incident light will propagate through the grating region and transform to the diffraction orders. The energy exchanged between the modes and the diffraction orders can also be obtained by Eq. (8) . The field at the air-grating interface can be expressed as t 0 φ 0 x exp−ik z n eff 0 h t 2 φ 2 x exp−ik z n eff 2 h
where t 0 is the transmission coefficient of the zeroth mode and t 1 is the transmission coefficient of the first mode. Together with the amplitude condition in Eq. (3), the depth of the grating can be decided, and the optimal depth is 0.3795 μm. The result is coincident with the depth calculated by RCWA, which is 0.374 μm. By solving the phase-matching condition in Eq. (4), the color-separation plane is obtained at z 4.2 μm. The intensity distributions of the two incident lights with wavelengths at 633 nm and 488 nm at plane z 4.2 μm is shown in Fig. 4 . The energy efficiency for each incident light is defined as the integral of intensity in half of the period divided by the integral of intensity in one period, so the energy efficiency is 96.3% for the 633 nm wavelength and 86.9% for the 488 nm wavelength. The method is also suitable for TM polarization, where the magnetic field is perpendicular to the incident plane, so the color separation for different polarizations can also be realized. We will design a color-separation grating at the 633 nm wavelength for TE polarization and at the 488 nm wavelength for TM polarization as an example. The characteristic equation for TM polarization is [5] F n
The first two propagating even modes at the 488 nm wavelength are 1.4653 and 1.0569. Using the phase matching condition [Eq. (4)], we can still get the color-separation plane at z 4.2 μm because the phase difference between the zeroth order and the first order for TE polarization and TM polarization are small at the 488 nm wavelength. The intensity distribution is shown in Fig. 5 , and the energy efficiency is 96.3% at the 633 nm wavelength for TE polarization and 90.6% at the 488 nm wavelength for TM polarization.
Experimental Results
The grating was fabricated by electron-beam directwriting lithography. The experimental setup is shown in Fig. 6(a) . The He-Ne laser with the 633 nm wavelength and the semiconductor laser with the 488 nm wavelength are used as the incident light sources. The polarization beam splitter is the beam combiner to ensure that the two different incident lights can illuminate at the same position of the grating. The grating was placed on the sample stage, which is shown in Fig. 6(b) . The Fresnel field distribution above the grating is scanned using NSOM, which is a product of the NT-MDT Company. The NSOM can realize a two-dimensional scan and the positioning accuracy is in the order of 10 nm.
We chose an area with a better profile at the size of 10 μm × 10 μm, and the near-field grating profile scanning result is shown in Fig. 7(a) . The width of the grating has been broadened due to the convolution effects of the shape of the fiber probe tip. The grating was illuminated by two incident lights, and Figs. 7(b) and 7(c) show the field distributions with wavelengths at 633 nm and 488 nm, respectively. Figure 7 (d) is a cross section at the same position from Figs. 7(b) and 7(c). The averaged energy efficiencies are 71.2% and 67.3% for wavelengths at 633 nm and 488 nm, respectively. The intensity distribution difference between the two incident lights is to a large extent due to the input power differences between the two laser sources, but this factor does not affect the efficiency calculations. As we can see, the experimental result is consistent with the simulated result shown in Fig. 4 . However, the uniformity of intensity distribution and the distribution at the 488 nm wavelength are not as good as the simulation result. On the one hand, this is because the fiber tip has been used so many times that the quality of the results decline gradually. On the other hand, we will further optimize the grating structure to obtain a better result.
Conclusion
We analyze the field distribution of the dielectric rectangular grating in the Fresnel region and give the amplitude optimization condition and the phase matching condition. A color-separation grating is designed for the 633 and 488 nm wavelengths for different polarizations using the analytical solution of the modal method, which can give a physical explanation of the modes' propagating process in the grating region. Theoretically, the energy efficiency is 96.3% for the 633 nm wavelength and 86.9% for the 488 nm wavelength for both TE polarizations, and the energy efficiency is 96.3% at the 633 nm wavelength for TE polarization and 90.6% at the 488 nm wavelength for TM polarization. The color separation is observed at the plane z 4.2 μm with the use of NSOM. The energy efficiencies obtained by experiments are 71.2% and 67.3% at the 633 nm wavelength and 488 nm for both TE polarizations, respectively, which is consistent with the simulation results. 
